Introduction {#s1}
============

Diabetes affects 8.3% of the United States population (25.8 million people), and an additional 79 million people have pre-diabetes [@pone.0066176-Centers1]. The majority of diabetic morbidity and mortality relates to cardiovascular disease, and data suggest that the rising diabetes prevalence is increasing the rate of cardiovascular disease [@pone.0066176-Go1]. Specifically, people with diabetes suffer from accelerated, severe atherosclerosis, which then leads to heart attack, stroke, and peripheral vascular disease [@pone.0066176-Nicholls1], [@pone.0066176-Wagenknecht1]. While diabetes is an established risk factor for atherosclerosis, the mechanism by which diabetes accelerates the disease remains unknown. Glucose fluctuations characteristic of both Type I and Type II diabetes have been implicated in diabetic atherosclerosis, since tight glycemic control reduced the risk of myocardial infarction and stroke in people with diabetes by more than fifty percent [@pone.0066176-Molnar1], [@pone.0066176-Nathan1].

Endothelial cell dysfunction is an initiating step in atherosclerotic plaque development, and altered glucose contributes to endothelial cell dysfunction. Healthy endothelial cells maintain vascular homeostasis through tight control of permeability, inflammation, vascular tone, and injury repair [@pone.0066176-Michiels1]. In contrast, endothelial cells in high glucose are highly permeable, allowing solutes to pass into and through the vascular wall [@pone.0066176-Hempel1]; express increased adhesion molecules [@pone.0066176-Richardson1] and produce less nitric oxide (NO) [@pone.0066176-Chakravarthy1], recruiting more inflammatory cells and reducing vasodilation; and display diminished migration [@pone.0066176-Hamuro1] and proliferation [@pone.0066176-Lorenzi1], thereby inhibiting angiogenesis in response to injury and ischemia [@pone.0066176-Martin1]. High glucose induces endothelial cell dysfunction via multiple pathways, including mitochondrial superoxide production [@pone.0066176-Du1], advanced glycation end-products (AGE) [@pone.0066176-Brownlee1], and protein kinase C (PKC) [@pone.0066176-Lee1]. In a recent study, hypoglycemia similarly elevated endothelial cell mitochondrial superoxide production and decreased NO bioavailability [@pone.0066176-Wang1].

While atherosclerotic risk factors such as altered blood glucose produce systemic biochemical changes, atherosclerotic plaques primarily develop in regions of disturbed flow. Upon exposure to laminar shear stress, endothelial cells align and organize actin fibers parallel to the flow direction, release NO, and decrease inflammatory adhesion molecules as part of an atheroprotective phenotype [@pone.0066176-Dewey1], [@pone.0066176-Fisslthaler1]. In disturbed flow, which includes low shear stress, flow separation, and flow reversal, endothelial cells are unable to adapt. These cells do not align to the flow and assume an atheroprone phenotype [@pone.0066176-Hahn1]. Altered blood glucose accelerates atherosclerotic plaque development in disturbed flow regions. Some studies further suggest that people with diabetes have diffuse atherosclerotic disease with plaques even in regions of laminar shear stress [@pone.0066176-Nicholls2], [@pone.0066176-Vigorita1]. We therefore hypothesized that both hyper- and hypoglycemia would inhibit endothelial cell alignment in response to shear stress.

Endothelial cell response to shear stress initiates with deformation of the cell luminal surface, followed by force transmission throughout the cell via the cytoskeleton. Mechanotransduction, the conversion of mechanical force to chemical activity, then occurs at multiple cell locations including cell-cell junctions, cell-matrix adhesions, and the nucleus [@pone.0066176-Davies1]. Since glucose enhances endothelial cell permeability by disturbing cell-cell junctions, we hypothesized that mechanotransduction would also be diminished or inhibited at these sites [@pone.0066176-Hempel1], [@pone.0066176-Morss1]. At adherens junctions, flow induces platelet endothelial cell adhesion molecule-1 (PECAM-1) phosphorylation, suggesting that PECAM-1 is the primary mechanosensor [@pone.0066176-Osawa1]. Shear stress also causes vascular endothelial growth factor receptor-2 (VEGFR2) to assemble with adherens junction molecules vascular endothelial cadherin (VE-cadherin) and β-catenin to activate the Akt signaling pathway [@pone.0066176-ShaySalit1]. A recent study by Tzima *et al* used knockout and transfection models to refine the earlier studies into an endothelial cell adherens junction shear stress mechanosensor that regulates a subset of mechanotransduction pathways [@pone.0066176-Tzima1]. PECAM-1 transmits the mechanical signal via VE-cadherin to VEGFR2, which then activates intracellular signaling via phosphatidylinositol 3-kinase (PI3K). PI3K in turn activates integrins, which activate the Rho-GTPase pathway that eventually leads to actin cytoskeleton reorganization [@pone.0066176-Tzima2], [@pone.0066176-Ridley1]. PI3K further phosphorylates Akt, which is one pathway leading to endothelial nitric oxide synthase (eNOS) phosphorylation and NO release [@pone.0066176-Dimmeler1]. While PECAM-1 and VE-cadherin knockout cells did not activate VEGFR2 in response to flow, PECAM-1 knockout cells did still align, suggesting that while this mechanosensor is important it is unlikely to be unique.

Several recent papers suggest that elevated glucose inhibits endothelial cell elongation and alignment in response to shear stress due to changes in heparan sulfate proteoglycans in the glycocalyx [@pone.0066176-Brower1]--[@pone.0066176-Tarbell1]. We hypothesized that altered glucose levels may also disturb mechanotransduction via the adherens junction mechanosensor and its associated intracellular pathways. In this study, we examined how both hyperglycemia and hypoglycemia alter endothelial cell alignment and eNOS phosphorylation in response to shear stress as measures of endothelial cell atheroprotective or atheroprone phenotype. High and low glucose effects on cell signaling pathways initiated by the PECAM-1/VE-cadherin/VEGFR2 mechanosensory complex were investigated. This research advances our understanding of how diabetic glucose fluctuations affect endothelial cell response to fluid flow.

Methods {#s2}
=======

Cell Culture, Glucose Conditions, and Shear Stress Exposure {#s2a}
-----------------------------------------------------------

Primary porcine aortic endothelial cells (PAEC, passages 5--9) were isolated from pigs that were euthanized as part of another study (Drexel University and Drexel University College of Medicine Institutional Animal Care and Use Committee approved). PAEC were cultured in Dulbecco's Modified Eagle's Medium (DMEM, MediaTech) with 5% FBS, 1% l-glutamine and 1% penicillin-streptomycin (Gibco). pH was maintained during flow experiments by adding HEPES (Sigma) to supplemented medium. Low, normal, and high glucose conditions were defined as 1 mM, 5.55 mM and 33 mM D-glucose and are abbreviated as LG, NG, and HG, respectively. These glucose levels are commonly used to induce glucose-related dysfunction while maintaining cell viability. For LG medium, 1 mM D-glucose was added to DMEM without glucose (Invitrogen). LG medium with 4.5 mM D-mannitol (Sigma) was the LG osmotic control. NG medium was low glucose DMEM (MediaTech). Either D-glucose or D-mannitol was added to low glucose DMEM to a final 33 mM concentration to create HG and HG osmotic control medium, respectively.

For flow studies, a parallel plate flow chamber (Glycotech) enclosed in a 5% CO~2~, 37°C incubator was used to apply 20 dynes/cm^2^ shear stress to PAEC as previously described [@pone.0066176-Kemeny1]. Shear stress above 20 dynes/cm^2^ was previously shown to maintain an atheroprotective endothelial cell phenotype [@pone.0066176-Malek1]. 300,000 cells were seeded in the appropriate glucose medium on collagen Type I coated 25 × 75 mm glass slides (10 µg/mL at 37°C for 3 hours) 48 hours before being assembled into the flow chamber. Shear stress exposure times ranged from 30 seconds to 24 hours, since biochemical signaling occurs within minutes of shear stress whereas morphological changes take 12--24 hours. Shear stress exposure time was shortened to 12 hours for flow experiments in which signaling pathways were dissected with biochemical activators and inhibitors to avoid cytotoxicity. For strain studies, a custom-built apparatus was used to apply cyclic uniaxial strain to cells on elastic membranes as previously described [@pone.0066176-Figueroa1]. Briefly, 50,000 cells/cm^2^ were seeded on polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) membranes with covalently bonded collagen (100 µg/mL) in NG and HG medium for 48 hours. Membranes were then attached to a fixed crossbar at one end and a movable crossbar at the other end. The moveable crossbar was connected to a DC motor via a ball-bearing linear slider (Specialty Motions), which translated motor rotational motion to membrane linear motion. 10% strain at 0.5 Hz was applied for six hours.

Actin alignment and eNOS Phosphorylation {#s2b}
----------------------------------------

Endothelial cell shear stress response was assessed by measuring actin alignment and eNOS phosphorylation. For actin alignment, samples were exposed to 24 hours of 20 dynes/cm^2^ shear stress since statistically significant alignment was observed in normal glucose cells at this time point. PAEC were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Actin fibers and nuclei were labeled with rhodamine phalloidin (165 nM, Invitrogen) and bisbenzimide (0.2 µg/mL, Invitrogen), respectively. Samples were imaged at 20x and 60x (minimum resolution 1024×1024 pixels) in an Olympus IX81 inverted confocal microscope.

Actin fiber alignment was analyzed using a custom edge detection Matlab (Mathworks) program [@pone.0066176-Kemeny2]. Edge detection uses changes in image intensity to find fiber edges. The maximum intensity gradient direction is then used to calculate the fiber orientation angle. In our edge detection implementation, Sobel operators were applied to grayscale image intensity matrices, and horizontal and vertical convolution values were calculated for each pixel. Pixel edge intensity gradient magnitude and fiber angle were determined from these convolution values. Since edge detection produced fiber angle distributions from −90° to 90°, mean fiber angle was consistently near 0° for all distributions. We therefore used either the aligned fiber percentage (fiber angles between −20° and 20°) or the mean fiber angle for the absolute value angle distributions (0--90°) to determine alignment.

eNOS is phosphorylated in endothelial cells within 30 seconds of shear stress initiation and sustained for up to an hour [@pone.0066176-Dimmeler1]. We visualized phosphorylated eNOS (p-eNOS) 30 seconds after shear stress initiation by immunofluorescent microscopy to examine activated protein quantity and location. PAEC were fixed in 50∶50 acetone:methanol and incubated with primary antibodies for p-eNOS (pS1179, 1∶100, Invitrogen), followed by the appropriate secondary antibody (Alexa Fluor® 633; Invitrogen) and bisbenzimide. Samples were imaged by confocal microscopy.

PKC, ROS, and VEGF {#s2c}
------------------

Altered glucose levels increase PKC, ROS, and VEGF release. We therefore measured these parameters in LG, NG, and HG cells. Intracellular PKC was detected with Fim-1 diacetate (Santa Cruz), a membrane permeable fluorescein-conjugated bisindoylmaleimide that binds to and inhibits the catalytic PKC domain. PAEC were fixed with 4% paraformaldehyde and permeabilized with 98% methanol. Cells were then incubated with 200 nM Fim-1 diacetate and imaged by confocal microscopy (488 nm). PKC was inhibited in live cells using either Fim-1 diacetate (200 nM) or chelerythrine (200 nM, Sigma) for 2 hours before and during shear stress [@pone.0066176-Herbert1]. PKC was activated in normal glucose cells using phorbol 12-myristate 13-acetate (PMA, 1 µM, Sigma) for 2 hours before and during shear stress [@pone.0066176-Niedel1].

Intracellular ROS was measured using the Image-iT® Live Green Reactive Oxygen Species Detection Kit (Molecular Probes) as per manufacturer instructions. Carboxy-H~2~DCFDA is deacetylated into carboxy-DCFH by intracellular esterases. Intracellular ROS then oxidize carboxy-DCFH to carboxy-DCF, which fluoresces green. 25 µM carboxy-H~2~DCFDA was applied to live cells for 30 minutes, after which cells were washed and imaged by confocal microscopy (488 nm). *N*-acetyl-*L*-cysteine (NAC, Sigma, 10 µg/mL), applied 2 hours before and during shear stress, was used to scavenge ROS.

Endothelial cell VEGF release was measured using a VEGF ELISA (R&D Systems) as per manufacturer instructions. PAEC were exposed to LG, NG, and HG medium for 24--48 hours. Conditioned medium samples were collected and either immediately measured or frozen at −80°C and measured within one week. VEGF activity was blocked in LG cells using a VEGF neutralizing antibody (Millipore, 1 µg/mL). Alternatively, VEGF (Peprotech) was added to NG cells at 100 ng/mL for short-term experiments (\<30 minutes) and 50 ng/mL for long-term experiments. Since both glucose and VEGF interfere with cell-cell junctions, β-catenin (Invitrogen) was used to quantify adherens junction integrity. PAEC were fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton, β-catenin and nuclei were labeled with a primary β-catenin antibody (1∶200, Invitrogen) and bisbenzimide (0.2 µg/mL), respectively, and imaged by confocal microscopy.

Signaling Pathways: FAK and Akt {#s2d}
-------------------------------

PI3K is phosphorylated by cell-cell junction mechanosensory complex activation [@pone.0066176-Tzima1]. PI3K activates integrins, leading to FAK phosphorylation and subsequent Rho/Rac pathway activation leading to actin reorganization. PI3K also phosphorylates Akt, which leads to eNOS phosphorylation and nitric oxide release. Both are phosphorylated within seconds of shear stress initiation. We investigated FAK by immunofluorescent microscopy after 30 seconds shear stress to rapidly visualize activation at focal adhesions. We measured Akt phosphorylation, which is immediately downstream of PI3K, after 30 minutes to obtain adequate activated protein quantity for Western blot. For FAK, cells were fixed in paraformaldehyde as described and labeled with a phosphorylated FAK primary antibody (p-FAK, Y397, 1∶100, Cell Signaling). Samples were then incubated with the appropriate secondary antibody (Alexa Fluor® 633; Invitrogen) and bisbenzimide and imaged by confocal microscopy. We measured pFAK by immunofluorescent microscopy to specifically analyze only pFAK localized to focal adhesions.

For Akt phosphorylation, cells in either static conditions or exposed to 30 minutes shear stress were lysed in ice cold lysis buffer (20 mM Tris, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 2 mM PMSF, 0.1% SDS, 1 µg/ml leupeptin, 2 mM NaVO~4~, 50 mM mM NaF, 10% glycerol, complete protease inhibitor, pH 7.4). Normalized protein samples were separated by gel electrophoresis, transferred to nitrocellulose membranes, and labeled for p-Akt (Ser473, 1∶1000, Cell Signaling) and Akt (1∶1000, Cell Signaling). Protein bands were detected using an enhanced chemiluminescence kit (Western Lightning, PerkinElmer) and visualized with a Fluorchem digital imager (Alpha Innotech). Band intensity was quantified using ImageJ.

Statistical Analysis {#s2e}
--------------------

Matlab's statistics toolbox was used for all statistical analyses. Data are graphed as mean ± standard deviation. Student's t- test was used to compare two groups, and n-way ANOVA with a Tukey-Kramer post test was used to compare multiple groups. p\<0.01 is indicated with an asterisk (\*), and p\<0.05 is indicated by a pound sign (\#). Matlab was used to quantify immunofluorescence intensity in at least 3 images per sample to create a sample average. Two samples were then analyzed for each experimental condition, and these are the averages and standard deviations shown. Shear stress experiments were performed in duplicate, and each experiment was repeated three times. All other experiments were performed in triplicate and repeated at least two times. For certain experiments, image contrast was consistently enhanced in all samples using the adaptive histogram equalization program (adapthisteq.m) in Matlab.

Results {#s3}
=======

Actin Alignment and eNOS Activation {#s3a}
-----------------------------------

Endothelial cells are dysfunctional in both low and high glucose environments [@pone.0066176-Hempel1], [@pone.0066176-Wang1], which may contribute to accelerated atherosclerosis in people with diabetes. Failure of endothelial cells to align to flow correlates with a pro-atherosclerotic phenotype [@pone.0066176-Hahn1]. We therefore measured endothelial cell actin alignment in response to shear stress in altered glucose conditions. Endothelial cells cultured in LG, LG osmotic control and HG medium did not align their actin fibers after 24 hours of 20 dynes/cm^2^ shear stress ([Figure 1A](#pone-0066176-g001){ref-type="fig"}). For NG and HG osmotic control cells exposed to flow, aligned actin fibers (−20° to 20°) increased by 10.1% and 18.0% from static conditions, respectively ([Figure 1C](#pone-0066176-g001){ref-type="fig"}, p\<0.01 by ANOVA). In contrast, LG, LG osmotic control, and HG cells exposed to shear stress showed less than a 3% change in aligned actin fibers compared to static control. These data were confirmed via average actin fiber angle (absolute value, [Figure 1D](#pone-0066176-g001){ref-type="fig"}, p\<0.01 by ANOVA). Average actin angle decreased 7.3° with shear stress for NG cells and 12.3° for HG osmotic control cells (p\<0.01). In contrast, average actin angle for LG, LG osmotic control and HG cells exposed to flow changed by less than 3°.

![Endothelial cells in low and high glucose medium did not align in the flow direction, whereas cells in normal glucose aligned.\
Cells in high glucose also aligned in response to cyclic strain. Actin (red) and nuclei (blue) before and after A) shear stress and B) cyclic strain, both applied in the horizontal direction. Scale bar = 50 µm. C) Percentage aligned actin fibers for shear stress, D) average actin fiber angle (absolute value) for shear stress, and E) percentage aligned actin fibers for cyclic strain. \*p\<0.01, \#p\<0.05 compared to static sample for the same culture condition. Shear stress experiments were completed in duplicate, and cyclic strain experiments were completed in triplicate. Each experiment was repeated three times.](pone.0066176.g001){#pone-0066176-g001}

Interestingly, endothelial cells exposed to cyclic strain did align actin fibers perpendicular to the strain direction for both NG and HG cells. Aligned actin fibers (70° to 110°) increased 15% with 6 hours of cyclic strain for NG cells and 9% for HG cells, both of which were statistically significant changes ([Figure 1B, E](#pone-0066176-g001){ref-type="fig"}; p\<0.01). There was no difference between the normal and high glucose alignment results.

Endothelial cells release NO as both a vasodilatory and anti-inflammatory molecule in response to shear stress, and decreased NO release is part of the atheroprone endothelial cell phenotype. eNOS phosphorylation is required for NO production, and in our previous work, eNOS phosphorylation translated to NO release. NO is difficult to measure in a flow apparatus due to the large fluid volume. We therefore compared phosphorylated eNOS (p-eNOS) in LG, NG, and HG cells before and after shear stress. For NG cells, p-eNOS intensity increased nearly 40% following 30 seconds of 20 dynes/cm^2^ shear stress. Neither LG nor HG cells showed a significant increase in p-eNOS after shear stress compared to static conditions ([Figure 2](#pone-0066176-g002){ref-type="fig"}, p\<0.01 by ANOVA). While p-eNOS was elevated in HG cells cultured following shear stress, p-eNOS was similarly elevated in these cells in static conditions, and thus there was no significant change with shear stress.

![eNOS phosphorylation increased with shear stress for endothelial cells in normal glucose but did not significantly change for cells in low or high glucose.\
A) p-eNOS (magenta) and nuclei (blue) after 30 seconds shear stress (horizontal direction). Scale bar = 50 µm. B) p-eNOS mean fluorescence intensity. \* p\<0.01 compared to static sample for the same glucose condition. Experiments were completed in duplicate and repeated three times.](pone.0066176.g002){#pone-0066176-g002}

FAK and Akt Activation {#s3b}
----------------------

We hypothesized that endothelial cells in altered glucose did not align or phosphorylate eNOS in response to shear stress due to disruption of the adherens junction mechanosensory complex. VEGFR2 in this complex activates PI3K, which then activates integrins in focal adhesions. FAK, which is phosphorylated within minutes of focal adhesion activation, then signals towards actin alignment. We visualized p-FAK localized to focal adhesions by immunofluorescent microscopy to determine if shear stress-induced integrin activation was changed in altered glucose conditions. Shear stress did not activate FAK in endothelial cells grown in low and high glucose medium. p-FAK (Y397) fluorescence intensity increased by 40% in NG cells after 30 seconds shear stress ([Figure 3A](#pone-0066176-g003){ref-type="fig"}, p\<0.01 by ANOVA). However, in both LG and HG cells, there was no significant increase in p-FAK after shear stress. p-FAK was slightly elevated in static LG cells compared to cells in normal and high glucose medium.

![PAEC in low and high glucose did not activate FAK in response to shear stress, whereas shear stress did increase phosphorylated Akt in high glucose cells.\
A) p-FAK (magenta) and nuclei (blue) after 30 seconds shear stress (horizontal direction). Scale bar = 50 µm. p-FAK mean fluorescence intensity. \*p\<0.01 compared to static sample for the same glucose condition. B) Akt phosphorylation after 30 minutes of shear stress. p-Akt normalized to total Akt. \*p\<0.01, ^\#^p\<0.05 compared to static sample for the same glucose condition. Experiments were completed in duplicate and repeated three times.](pone.0066176.g003){#pone-0066176-g003}

PI3K activated by the adherens junction mechanosensory complex also phosphorylates Akt, which then phosphorylates eNOS to stimulate NO release [@pone.0066176-Tzima1], [@pone.0066176-Dimmeler1]. In our experiments, Akt was activated by shear stress for cells cultured in normal and high but not low glucose. Both NG and HG cells showed two fold p-Akt increase with 30 minutes shear stress ([Figure 3B](#pone-0066176-g003){ref-type="fig"}), whereas LG cells did not show a significant p-Akt increase. These data suggest that the mechanisms by which low and high glucose alter endothelial cell shear stress response are different. Low glucose appears to interfere with mechanotransduction upstream of PI3K, whereas high glucose interferes either downstream of PI3K or along a parallel mechanotransduction pathway (e.g., integrins).

ROS and PKC Levels {#s3c}
------------------

We next measured ROS and PKC levels, since both these factors contribute to endothelial cell dysfunction in altered glucose [@pone.0066176-Brownlee2]. PAEC exposed to two days of LG or HG medium showed elevated ROS compared to the NG control. Carboxy-DCF fluorescence intensity was 50.6% higher for HG cells and 56.3% higher for LG cells compared to NG cells ([Figure 4A, B](#pone-0066176-g004){ref-type="fig"}, p\<0.01 by ANOVA). Similarly, PKC in cells in low and high glucose was elevated compared to cells cultured in normal glucose. Fim-1 diacetate fluorescent intensity was 34.8% and 27.7% higher in LG and HG cells, respectively, than in NG cells ([Figure 4C, D](#pone-0066176-g004){ref-type="fig"}, p\<0.01 by ANOVA). ROS and PKC were similarly elevated in PAEC exposed to LG or HG medium under fluid flow conditions.

![ROS and PKC were elevated in both low and high glucose.\
A) carboxy-H~2~DCFDA (ROS, green) and C) Fim-1 diacetate (PKC, yellow) after 48 hours in different glucose conditions. Scale bar = 50 µm. B) ROS and D) PKC fluorescence mean fluorescence intensity. ^\#^p\<0.05 compared to NG cells. Experiments were completed in triplicate and repeated three times.](pone.0066176.g004){#pone-0066176-g004}

High Glucose: PKC Effect on FAK Activation and Actin Alignment {#s3d}
--------------------------------------------------------------

PKC is important in shear stress signaling and FAK activation [@pone.0066176-Lewis1]--[@pone.0066176-Tseng1]. However, glucose-induced PKC elevation in mouse renal mesangial cells interfered with FAK activation and cell contractility [@pone.0066176-Chen1]. We blocked PKC in cells cultured in both low and high glucose medium using Fim-1 diacetate or chelerythrine and measured FAK activation and actin alignment. PKC blockade increased FAK phosphorylation and actin alignment in response to shear stress in HG but not LG cells. HG cells treated with Fim-1 diacetate for 2 hours prior to and during shear stress exposure had a 60% increase in p-FAK intensity compared to static conditions, whereas untreated HG cells showed no significant FAK activation ([Figure 5A, C](#pone-0066176-g005){ref-type="fig"}). Similarly, blocking PKC enabled actin fiber alignment after 12 hours shear stress in HG cells ([Figure 5B, D, E](#pone-0066176-g005){ref-type="fig"}, p\<0.01 by ANOVA) and reduced elevated basal p-eNOS levels in HG cells. Aligned fiber percentage increased by 8% and mean actin fiber angle decreased by 6° with shear stress for HG cells treated with either PKC blocker. The PKC activator PMA also prevented actin fiber alignment in NG cells. Actin fiber alignment for LG cells exposed to shear stress did not change with PKC blockade (data not shown). These results suggest that high glucose impairs endothelial cell actin alignment in response to shear stress via PKC.

![PKC blockade restored FAK phosphorylation and actin alignment in response to shear stress in cells cultured in high glucose.\
A) p-FAK (magenta) and nuclei (blue) with 2 hours Fim-1 diacetate (200 nM) followed by 30 seconds shear stress (horizontal direction). Scale bar = 50 µm. C) p-FAK mean fluorescence intensity. \* p\<0.01 compared to static. B) Actin (red) and nuclei (blue) for high glucose cells with PKC blocked by 200nM Fim-1 diacetate and 200 nM chelerythrine, and normal glucose cells with PKC activated by 1 µM PMA. Shear stress was applied for 12 hours (horizontal direction). Scale bar = 50 µm. D) and E) Actin aligned fiber percentage and average angle absolute value. \* p\<0.01 compared to static sample for the same culture condition. Experiments were completed in duplicate and repeated three times.](pone.0066176.g005){#pone-0066176-g005}

Low Glucose: VEGF Effect on Adherens Junctions and Mechanotransduction {#s3e}
----------------------------------------------------------------------

Hypoglycemia inhibited both FAK and Akt activation, and several cell types reportedly release VEGF, a permeability factor that disrupts adherens junctions, in response to low glucose [@pone.0066176-Shweiki1]--[@pone.0066176-Esser1]. We therefore examined VEGF release in LG cells and its effect on endothelial cell actin alignment in response to shear stress. Cells cultured in low glucose for two days released twice as much VEGF compared to cells in normal or high glucose ([Figure 6A](#pone-0066176-g006){ref-type="fig"}, p\<0.01 by ANOVA), and low glucose elevated VEGF release by 24 hours (data not shown). NG cells treated with exogenous VEGF (100 ng/mL for 15 and 30 minutes) showed reduced β-catenin at cell borders ([Figure 6B](#pone-0066176-g006){ref-type="fig"}, p\<0.01 by ANOVA). Similarly, low glucose decreased overall β-catenin and increased nuclear:membrane β-catenin ratio ([Figure 6C](#pone-0066176-g006){ref-type="fig"}). A neutralizing VEGF antibody restored β-catenin at the cell membrane in LG cells (data not shown). These results suggest that VEGF release by cells in low glucose translocates β-catenin from the membrane to the nuclei, thereby disrupting adherens junctions and inhibiting mechanosensory complex formation.

![VEGF secreted by endothelial cells in low glucose translocated β-catenin at cell-cell junctions to the nucleus.\
A) VEGF in conditioned medium after two days. \* p\<0.01 compared to NG cells. B) β-catenin (green) after VEGF treatment (100 ng/mL) of PAEC in normal glucose.\* p\<0.01 compared to 0 minutes VEGF exposure. C) β-catenin (green) in PAEC in low glucose. Scale bar = 50 µm. \* p\<0.01 compared to NG cells. Experiments were completed in triplicate and repeated two times.](pone.0066176.g006){#pone-0066176-g006}

To determine if VEGF prevents endothelial cell actin alignment in response to shear stress, we blocked VEGF in LG cells and added VEGF to NG cells. A VEGF neutralizing antibody re-established endothelial cell actin alignment in response to shear stress in low glucose culture, and adding VEGF to the medium prevented actin alignment in cells grown in normal glucose medium ([Figure 7A](#pone-0066176-g007){ref-type="fig"}). Aligned actin fiber percentage increased by 11.3% from the static condition for LG cells with the VEGF neutralizing antibody, and average actin fiber angle decreased by 11.5° ([Figure 7B](#pone-0066176-g007){ref-type="fig"}, p\<0.01 by ANOVA). When 50 ng/mL VEGF was added to NG cells for 24 hours prior to shear stress exposure, neither aligned fiber percentage nor average actin fiber angle changed with flow.

![Actin fibers aligned in low glucose with shear stress when VEGF was blocked, and VEGF addition to cells in normal glucose prevented actin alignment with shear stress.\
A) Actin (red) and nuclei (blue) in low glucose cells with VEGF blocked for 24 hours with a neutralizing antibody (1 µg/ml) or normal glucose cells with VEGF added (50 ng/mL) and exposed to 12 hours shear stress. Scale bar = 50 µm. B) Actin fiber percentage and average actin fiber angle (absolute value). \*p\<0.01 compared to static sample for the same culture condition. Experiments were completed in duplicate and repeated three times.](pone.0066176.g007){#pone-0066176-g007}

Discussion {#s4}
==========

People with diabetes develop early and accelerated atherosclerosis, and disease severity correlates with poor glucose control. While altered glucose is known to contribute to endothelial cell dysfunction, its effect on endothelial cell mechanotransduction had not yet been fully examined. We now present two different mechanisms for impaired mechanotransduction in altered glucose conditions ([Figure 8](#pone-0066176-g008){ref-type="fig"}). For endothelial cells in normal glucose, shear stress activates the PECAM/VE-cadherin/VEGFR2 mechanosensory complex, which then phosphorylates PI3K. PI3K in turn activates integrins at focal adhesions (leading to FAK phosphorylation, Rho-GTPase signaling, and actin alignment) and Akt (leading to eNOS phosphorylation and NO release). Hyperglycemia elevates PKC, which impairs FAK phosphorylation and hence endothelial cell actin alignment in response to shear stress ([Figure 8C](#pone-0066176-g008){ref-type="fig"}). Hypoglycemia also diminishes endothelial cell shear stress response but through a different mechanism. Cells in low glucose release VEGF, which disrupts cell-cell adherens junctions and thereby prevents mechanosensory complex signaling ([Figure 8A](#pone-0066176-g008){ref-type="fig"}). This research advances our understanding of how blood glucose fluctuations in diabetes affect with vascular mechanotransduction and may contribute to a pro-atherosclerotic endothelial phenotype.

![Proposed signaling pathways in low and high glucose.\
A) Endothelial cells in low glucose release VEGF, which disrupts β-catenin at adherens junctions. This then impairs mechanosensory complex activation due to shear stress, inhibiting downstream responses. B) Cells in normal glucose sense shear stress at the mechanosensory complex, phosphorylate eNOS, and align actin. C) Cells in high glucose maintain an intact mechanosensory complex, however elevated PKC inhibits FAK activation and subsequent actin alignment.](pone.0066176.g008){#pone-0066176-g008}

Endothelial cell actin alignment remained intact when cells were exposed to cyclic strain in hyperglycemia. This suggests that glucose interrupts mechanotransduction pathways specific to shear stress. Many signaling pathways, including focal adhesion activation via FAK, are common to both shear stress and strain. For example, we previously showed that glycated collagen disrupts endothelial cell response to both shear stress and strain through diminished FAK activation [@pone.0066176-Kemeny1], [@pone.0066176-Figueroa1]. However, other studies show mechanotransduction differences in shear stress and cyclic strain [@pone.0066176-Shikata1]. The adherens junction mechanosensory complex has to date only been proven important in shear stress response [@pone.0066176-Osawa1]--[@pone.0066176-Tzima1]. Both non-confluent human aortic endothelial cells with FAK silenced by shRNA and FAK null mouse embryonic fibroblasts still aligned perpendicular to the cyclic strain direction, suggesting that FAK may not be necessary for strain mechanotransduction in all cell types and conditions [@pone.0066176-Hsu1], [@pone.0066176-Ngu1].

Both ROS and PKC were elevated in cells in high glucose, yet only PKC blockade restored both FAK phosphorylation and actin alignment. An ROS scavenger applied 2 hours prior to shear stress did not restore FAK activation in high glucose cells. When the same ROS scavenger was kept in the medium during 12 hours of shear stress, actin alignment was restored (data not shown). These data suggest that longer term ROS inhibition may be required to restore endothelial cell shear stress response, or that PKC is a primary mediator for high glucose inhibition of endothelial mechanotransduction in high glucose, although more studies are needed. Interestingly, both ROS and PKC play important roles in endothelial cell shear stress response. 15 minutes of shear stress exposure increased ROS in HUVEC and mediated *c-fos* gene transcription [@pone.0066176-Hsieh1]. PKC increased particularly in the cell cortex in response to shear stress [@pone.0066176-Hu1] and was required for shear stress-induced mitogen-activated protein (MAP) kinase activation in bovine aortic endothelial cells [@pone.0066176-Tseng1] and endothelin-1 release in human umbilical vein endothelial cells exposed to low shear stress levels [@pone.0066176-Kuchan1]. Chronically elevated ROS and PKC may be detrimental to cell signaling pathways that are dependent on these molecules, as evidenced by a study showing that glucose-induced elevated PKC reduced PKC-dependent mesangial cell contractility [@pone.0066176-Chen1]. Alternatively, reducing global ROS and PKC levels may restore endothelial cell alignment but inhibit other critical shear stress responses.

In low glucose, endothelial cell mechanotransduction is disrupted through cell compensatory pathways. In both hypoxia and hypoglycemia, cells release VEGF to bring oxygen and glucose to the starved tissue via increased vascular permeability and microvascular angiogenesis [@pone.0066176-Shweiki1], [@pone.0066176-Forsythe1]--[@pone.0066176-Esser2]. VEGF-induced permeability is mediated through adherens junction disruption via β-catenin, which together with α-catenin links VE-cadherin to the actin cytoskeleton [@pone.0066176-Dejana1]. VEGF stimulation leads to β-catenin phosphorylation, which dissociates β-catenin from VE-cadherin and moves it to the cytosol or nucleus [@pone.0066176-Esser2]. β-catenin has been shown to associate with VE-cadherin, VEGFR2, and PECAM through immunoprecipitation and knockout models [@pone.0066176-Carmeliet1], [@pone.0066176-Biswas1]. VE-cadherin and β-catenin are required for adherens junction mechanosensory complex assembly and subsequent signaling, since neither VE-cadherin^−/−^ nor β-catenin^−/−^ endothelial cells activated integrins in response to flow [@pone.0066176-Tzima1]. In low glucose, VEGF release and cell stimulation moves β-catenin away from the cell membrane, which prevents mechanotransduction signaling from this complex. VEGF may also cause the elevated ROS and PKC levels in low glucose. When VEGF binds to VEGFR2, the small GTPase Rac1 is activated. Rac1 stimulates NADPH oxidase at the plasma membrane to produce ROS [@pone.0066176-Abid1]. VEGF-induced ROS via Rac1 increase endothelial permeability and activate β-catenin and VE-cadherin [@pone.0066176-MonaghanBenson1]. VEGF also enhances PKC activation in a time dependent manner through a PI3K and PLCγ mediated pathway [@pone.0066176-Xia1].

These studies show that both high and low glucose promote an atheroprone endothelial cell phenotype in response to the onset of laminar shear stress. However, this research has similar limited applicability to human atherosclerosis as many *in vitro* shear stress studies. Atherosclerosis in humans develops over years, but the specific cell signaling events occur on much shorter time scales that are similar to those in our experiments. For example, endothelial cell dysfunction can be transiently induced by inflammation, elevated glucose, or hypercholesterolemia. This then leads to short term changes in cell permeability and inflammatory cell recruitment to the atherosclerotic site, which causes the plaque to grow. Over years of these short term insults, a large atherosclerotic plaque develops. Thus short term effects are relevant to long term atherosclerotic plaque development. Atherosclerosis also develops in locations of disturbed rather than laminar flow, although some suggest that the disease is more diffuse in people with diabetes. Endothelial cells exposed to disturbed flow do not align, and it would therefore not be possible to measure an effect of glucose on cell alignment in these conditions. However, it may be interesting to determine if glucose exacerbates other aspects of the atheroprone phenotype in disturbed flow, such as inflammatory adhesion molecule expression.

While our research shows an important glucose effect on endothelial cell mechanotransduction, this study has several limitations. In our research, isolated endothelial cells on glass slides were exposed to constant laminar shear stress using an *in vitro* system. *In vivo,* endothelial cells grow on the more compliant vascular wall, interact with neighboring cells such as smooth muscle cells, and experience pulsatile flow. In the PKC, ROS, and FAK experiments, we used immunofluorescence to visualize changes in low and high glucose. While we are confident in our results, since they were repeatable and supported by our chemical inhibition studies, these methods are only semi-quantitative. Additional measurement methods and studies further delineating these pathways would confirm these results. The glucose levels we used are at the extreme of both low and high glucose levels experienced by diabetic patients. We used these glucose extremes to enhance changes observed in short term *in vitro* culture. Humans and animals with diabetes also have many other biochemical changes in addition to altered blood glucose, including elevated advanced glycation end products and altered insulin levels. While we hope in the future to confirm our *in vitro* data using *in vivo* human or animal data, *in vivo* studies are challenging due to the complexities of both the diabetic biochemical environment and the vascular mechanical environment. In our case, the simplified experimental conditions allowed us to isolate and identify the mechanisms by which glucose affects endothelial response to shear stress.

High glucose has long been considered detrimental to the vasculature, however increasingly low glucose is also implicated in cardiovascular disease. We now show that elevated PKC in high glucose and VEGF release in low glucose prevent endothelial cell alignment in response to shear stress. This research clarifies endothelial cell response to physiologic flow at both ends of the glucose spectrum. By understanding these mechanisms, we hope to identify targets and develop treatments and preventative measures to protect the cardiovascular system from the effects of diabetes.
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